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KATIOML ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

ANALYSIS OF CEFF -DESIGN OPERATION OF HIGH MACH HUMBER 
SUPERSONIC TURBOJET ENGINES 
By Robert E. Englisb. and Richard H. Cavlcchi 


SUMMARY 

For tvo hypothetical turbojet engines, one of which was designed 
for a flight Mach number of 2.5 and the other for 3-0, engine operation 
during take-off was analyzed for four methods of operating the engines 
off -design. These off -design operational methods were conpared on the 
basis of engine thrust, engine specific impulse, and the operating re- 
quirements which the compressor and turbine must fulfill. The way in 
which a given engine should be operated off -design depends on the char- 
acteristics of its particular compressor and turbine. Because the 
characteristics of each set of components will differ one from another, 
no one mode of operation can be selected as best for all engines and 
operating conditions. This analysis Indicates the methods that appear 
most promising and the way in which they can best be eaplolted. 

If the compressor is capable of operation in a constant-geometry 
engine at equivalent rotational speeds considerably above the design 
value, highest engine thrust and hipest engine specific impulse are 
obtained with compressor overspeed operation. Since during such engine 
off -design operation the turbine operates at its design point, the tiar- 
blne can be designed very near tolerable operating limits. Turbine 
stator adjustment in combination with compressor overspeeding is better 
than turbine stator adjustment alone. Engine equivalent rotational 
speed should be raised as much as the campressor-surge characteristics 
will permit, and the_ ad^tlonal thrust required should then be obtained 
by means of a further increase in turbine -inlet temperature in combina- 
tion with turbine stator adjustment. If the compressor-surge character- 
istics llmilt the turbine-inlet temperature to values less than the rated 
value, compressor-exit bleed can be used to permit an additional rise in 
turbine-inlet temperature. This bleeding can provide relatively large 
amounts of cooling air during take-off operation. The turbine operation 
moves away from limiting blade loading during such off -design operation, 
and the blade -jet speed ratio varies by a comparatively fima-T l amount. 

For the assumed compressor characteristics, increasing engine thrust by 
means of exhaust-nozzle adjustment requires an increase in turbine size 
and thereby results in rather severe penalties in turbine design-point 
performance . 
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INTRODUCTION 

One of the principal problems In the design of a turbojet engine 
for use at high supersonic speeds (flight Mach nunbers greater than 2) 
is the incorporation of sufficient operational versatility into the 
engine to provide good engine performance during both top-speed flight 
and take-off^ or low- speedy fli^t. High engine thrust under any flight 
condition is obtained by operating the engine at a limit on turbine - 
inlet temperature imposed by properties of the engine materials. Pro- 
duction of high engine thrust during both high- and low-speed flight 
therefore requires that, because of the large variation in ram tempera- 
ture, the engine be operated over a wide range of engine temperature 
ratio (ratio of turbine-inlet to compressor-inlet temperature). This 
variation in engine temperature ratio requires that either the compressor 
or turbine, or both, be operated under conditions requiring a wide range 
of Internal flow conditions. 

In order to achieve satisfactory operation in flight, it was sug- 
gested at the NACA Lewis laboratory that high-speed supersonic turbojet 
engines be designed, for the top -speed flight conditions; for other flight 
conditions (such as take-off) the turbine-inlet temperature, the compres- 
sor equivalent rotational speed, and the compressor pressure ratio would 
be maintained constant by appropriate adjustment of the turbine stator 
and the exhaust nozzle. Reference 1 showed that this method of engine 
operation is capable of producing high engine thrust at low flight 
speeds, but that, for some turbine design conditions, the turbine must 
operate over a wide range of operating conditions, and the turbine aero- 
dynamic design must be made conservative in order to satisfy the turbine 
off-design requirements. Because the turbine stress and turbine-tip 
frontal area are both critical factors for this high-speed application, 
such compromising of the tiarbine design is highly undesirable. 

For this method of engine operation, the range of conditions over 
which the engine must operate requires that the process of engine design 
consider a design range rather than a design point. In practice, that 
operating condition for which engine peif omnanoe is most Important will 
be most seriously considered in the raigine design; the other operating 
conditions in the range of design will generally only restrict or qualify 
the engine design. If the designer desires superlative engine perfor- 
mance during high-speed flight and if he is willing to accept mediocre 
engine efficiency under other operating conditions in order to realize 
this superlative high-speed performance, principal emphases in design 
will be given the high-speed fli^t condition. Such is the point of 
view that has been adopted in this report. This high-speed flight con- 
dition 1s herein referred to as the "design-point", and other operating 
conditions as "off-design". 
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Analysis of other methods of operating engines off -design is there- 
fore important in order to determine whether or not another method of 
engine operation would result in production of sufficient engine thrust 
without compromising the turbine design or without; introducing the 
mechanical complexity of turbine stator adjustment. For any method of 
operating an engine off its design condition, one of the essential 
characteristics requisite to obtaining hi^ engine thrust is high 
turbine -inl^t tenperature. In addition to turbine stator adjustment, 
several other operational methods embody this characteristic of high 
turbine-inlet tenperature. The following methods of engine operation 
off -design were therefore analyzed and compared at the KACA Lewis lab- 
oratory: (l) conpressor overspeeding, (2) exhaust -nozzle adjustment in 

combination with conpressor overspeeding, (3) conpressor-exit bleed with 
or without conpressor overspeeding, and (4) turbine stator adjustment 
with or without compressor overspeeding. The following factors are used 
to indicate the relative merits of these methods of off -design operation: 
engine thrust, engine specific impulse (lb -sec of thrust/lb of fuel), and 
the operating requirements that the conpressor and turbine must fulfill. 
This analysis considers that hi^-speed flight is the condition for which 
' the engine is to be designed. Engine take-off operation is the only 

off -design operating condition analyzed and is considered typical of the 
off -design operating conditions. 

Operation of a compressor at the same actual rotational speed for 
take-off as for flight at a design Mach number of 2.5 or 3 results in an 
equivalent rotational speed of 130 or 145 percent, respectively, of the 
value in fll^t. Because of the lack of data on conpressor character- 
istics at 130 or 145 percent of design equivalent rotational speed, sev- 
eral simplifying assumptions were made regarding the compressor charac- 
teristics during operation at equivalent rotational speeds above the 
design value (hereinafter called "compressor overspeeding" ) . In addi- 
tion to results based on these assumptions, the effect of deviation from 
these assumptions is dlscusged. 

Full-scale compressors cannot currently be operated at equivalent 
rotational speeds considerably above their design values without accept- 
ing mediocre performance for the design, or flight, conditions. The 
analysis presented herein shows what is gained in engine performance if 
both capacity for overspeeding and good design-point perfonnance can be 
combined in one compressor; it does not consider the revisions necessary 
in compressor design techniques in order to realize such performance. 


SYMBOLS 

The following symbols are used in this report. The station numbers 
are delineated in figure 1. 
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area^ sq ft 

velocity of sounds ft/sec 

fraction of mss flow bled at compresso? exit 
work, Btu/lb 
engine thrust, lb 

fuel-air ratio at exit of primary burner 

acceleration due to gravity, ft/sec^ 

engine specific impulse, Ib-sec/lb fuel 

mechanical equivalent of heat, ft-lb/stu 

ratio of specific heats for hot gas 

Mach number 

rotational speed, rpm 

equivalent rotational speed, rpm 

pressure, Ib/sq ft 

gas constant, ft-lb/(lb) (°R) 

radius, ft 

tenperature , °R 

blade speed, ft/sec 

absolute velocity, ft/sec " ■ 

weight flow, Ib/sec 
density of blade metal, Ib/cu ft 
ratio of specific heats for air 
pressure-reduction ratio, p/2116 
compressor adiabatic efficiency 
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turbine polytropic efficiency- 

local value of conipressor polytropic efficiency 
temperature -reduction ratio, t/ 518.4 
gas density, Ib/cu ft 
blading stress, Ib/sq. ft 

stress -correction factor for "tapered blades 
Subscripts : 
c compressor 

cr critical or cbolcing 

des design, or big^-speed flight, condition 

eq equivalent operating condition 

b bub 

J Jet 

T turbine 

t tip 

X axial 

0 free stream 

1 compressor inlet 

2 compressor exit 

3 turbine inlet 

4 exit from turbine ro-tor 

5 exit from exBaust nozzle 
Superscript: 

• stagnation state 


e 

p 

a 


0 
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GENERAL DISCUSSION OP OFF -DESIGN OPERATING PROBLEMS 

The method of engine operation vhich is mechanically the simplest 
is that vhich does not vary the geometry of the compressor, the turbine, 
or the exhaust -nozzle throat. Such an eiogine is herein referred to as 
a "constant-geometry" engine. Under those conditions for vhich the 
exhaust nozzle is choked, such operation of a nonafterbuming engine 
results in constant turbine-exit equivalent veight flow and constant 
exhaust -nozzle throat area. Under those conditions for vhich the exhaust 
nozzle is not choked and its throat area must therefore be adjusted in 
order to maintain constant turbine -exit equivalent veight flow, the term 
constant-geometry-engine operation is still employed. 

For operation of constant -geometry turbojet engines over a vide 
range of flight Mach number, two extremes in engine operating mode are 
usually considered. These are (l) constant rotational speed N and (2) 
constant equivalent rotatipnal speed n/ For an engine designed 

for satisfactory high-thrust operation during teike-off, operation with 
constant rotational speed results in low equivalent rotational speed and 
therefore low equivalent weight flow during high-speed flight. The 
turbine -inlet temperature can usually be maintained near the maximum 
value that the engine materials will permit over the range of flight 
Mach number. Although this type of operation results in high engine 
thrust during low Mach number flight (e.g., during take-off), the low 
equivalent weight flow during high-speed flight results in low engine 
thrust. If the engine is redesigned to provide high equivalent air flow 
per unit of engine frontal area during high-speed flight, operation at 
constant rotational speed during low-speed flight will result in high 
values of equivalent rotational speed and therefore such high values of 
compressor -inlet Mach number and compressor equivalent weight flow that 
the conrpressor efficiency will decrease. In an extreme case, surging 
of the compressor will restrict the range of conditions over which con- 
stant rotational speed can be maintained. Even though for operation 
with constant rotational speed the turbine-inlet temperature may be kept 
constant, there remains the problem of balancing the desi3cability of high 
equivalent weight flow during supersonic flight against the undesirability 
of low conpresBor efficiency or surging during take-off operation. 

The frequently considered alternative of c^eration with constant 
equivalent rotational speed avoids some of these operating problems but 
creates some new ones. If the compressor is operated at a single point 
on the compressor map (design values of equivalent rotational speed and 
compressor pressure ratio) for the required remge of flight conditions, 
high equivalent weight flow can be obtained during hlgfh-speed flight 
without saorlficlng ccanpressor efficiency during take-off operation 
(without turbine stator adjustment) . On the other hand, such opeiation 
with a constant-geometry turbine requires that the engine tenperature 
ratio (ratio of turbine ..inlet to conpress or -inlet temperature) be 
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constant. During take-off, this constant value of engine temperature 
ratio corresponds to a turbine -inlet ten®>erature far below the material 
limit, with the result that a relatively low engine thrust is obtained 
during take-off operation. 

If a penalty in compressor efficiency be accepted during take-off 
operation, compressor overspeedlng can be employed to produce hi^ en- 
gine thrust during take-off without resorting to extreme amounts of ad- 
justment of other engine components such as turbine stator or exhaust 
nozzle, or to the use of compressor-exit bleed. Within a limited range, 
operation at increased equivalent rotational speed will result in in- 
creased weight flow, a trend that tends to increase -engine thrust. The 
shaded area to the right of the line of design equivalent rotational speed 
in figure 2 is available as a region in which increased engine thrust might 
be obtained. In order to exploit this region fully, compressor overspeed- 
ing must be employed in combination -with some geometry variation of the 
engine, such as exhaust -nozzle adjustment or turbine stator adjustment. 

It is likely that increasing the amount of conpressor overspeeding 
of a constant-geometry engine will eventually cause the conpressor to 
surge. Exhaust-nozzle adjustment offers a possibility of operating an 
engine at constant equivalent rotational speed and constant turbine - 
inlet temperature over a range of flight Mach number. The conpressor 
will then operate over a range .of compressor pressure ratio at constant 
equivalent rotational speed. The range over which the compressor must 
operate is Illustrated on the schematic compressor map in figure 3. 
High-speed flight corresponds to a low engine temperature ratio and thus 
a low compressor pressure ratio at design equivalent rotational speed. 

For take-off, the engine temperature ratio and the compressor pressure 
ratio are both hl^. The required rise in conpressor pressure ratio can 
be approximated by considering the blade-speed line in figure 3 to be 
vertical. With this assumption, the conpressor pressure ratio will rise, 
for example, from 4.0 at a flight Mach number of 2.5 to a value of 5.2 
during take-off; in an actual case, the rise in pressure ratio will be 
some-what less. This type of operation offers high engine thrust during 
both take-off and high-speed flight but may possibly result in low com- 
pressor efficiency and thus low engine specific inpulse at high flight 
speeds . 

Another scheme for obtaining thrust increases is the use of 
compressor-exit bleed. With the compressor operating at its design 
point for both high-speed flight and take-off, high turbine-inlet tem- 
perature may be employed during take-off if gas is removed between the 
compressor and turbine- Engine thrust can be obtained from both the 
turbine-exhaust gas and the gas bled between the compressor and turbine. 

For flight at a Mach number of 2.5, operation with constant turbine-inlet 
temperature requires bleeding 23 percent of the conpressor weight flow 
during take-off operation if the compressor pressure ratio and equivalent 
rotational speed are held constant. Exhaust -nozzle adjustment is required 
for operation with compressor-exit bleed. 
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Turbine stator adjustment with the coicpressor operating at 'its 
d.esign point has been suggested as a means of realizing some of the 
advantages of operation at both constant rotational speed and constant 
eq.uivalent rotational speed. By means of turbine stator adjustment, 
high con^iressor equivalent weight flow can be obtained during high- 
speed flight in combination with high turbine-inlet temperature and high 
conpressor efficiency during take-off. The disadvantages of turbine 
stator adjustment are (l) mechanical complexity, (2) penalties in tur- 
bine efficiency associated with off -design operation, and (3) penalties 
in turbine design-point performance for some ranges of design conditions 
(see ref. l) . Exhaust -nozzle adjustment is also required for operation 
with turbine stator adjustment. 

The general problem of engine off -design operation has so far been 
related only to the conpressor, whereas operating problems associated 
with the turbine also affect the selection of engine operating mode. 

One turbine operating problem is associated with increasing exhaust- 
nozzle area. As the exhaust -nozzle area is increased, the turbine-exit 
equivalent weight flow rises and approaches a limiting value, which is 
about 10 percent less then the equivalent weig^ht flow that chokes the 
turbine annulus. Because increasing exhaust-nozzle area corresponds to 
increasing turbine-exit weight flow, modes of engine operation that 
require increasing exhaust-nozzle area during off-design operation are 
limited in their range of application for turbines of a given design 
configuration. The operating range of an engine requiring exhaust - 
nozzle adjustment can be extended by redesigning the turbine for 
increased exit annular area, but such a change in design imposes a 
penalty on size and centrifugal stress of the turbine and thereby 
inpalrs engine design-point performance. . in applying turbine stator 
adjustment in engine operation, several turbine problems will restrict 
the range of engine operation off -design: (l) The turbine efficiency 

may fall to an undesirably low value; (2) the turbine may be incapable 
of passing the required equivalent wei^t flow at high engine tempera- 
ture ratios; (3) the turbine might be incapable of producing the 
required work. 

The way in which a given engine should be operated off -design 
depends on the characteristics of its particular conpressor and turbine. 
Because the characteristics of each set of components will differ one 
from another, no one mode of operation can be selected as best for all 
engines and operating conditions. There is a need, however, for an 
indication as to which methods appear to be most promising and the way 
in which they can best be exploited. 
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ANALYSIS AND DISCUSSION 
Assigned Engine Design Conditions 

Since no general way was found to relate changes In engine perform- 
ance and changes In compressor and turbine c^eratlng req_ulrements, the 
off -design study was restricted to two sets of engine design conditions, 
which are summarized In the following table: 


Flight 

Conpressor 

Turbine- 

Mach 

pressure 

inlet 

number. 

ratio. 

temperature, 

Mo 

p^pi 

T', 

3^ 



OR 

2.5 

2.5 

2000 

3.0 

3.0 

3000 


The corapressor-lnlet axial Mach number (Vj^/a) -|_ and the conrpressor 

adiabatic efficiency for both conditions are 0.5 and 0.85, respec- 

tively. 


Assun^tlons 

The compressors were assumed to have the following off -design char- 
acteristics: (l) compressor work per pound of air proportional to the 

blade speed sq.uared, and (2) axial velocity at compressor entrance pro- 
portional to blade speed for subsonic values' of inlet axial velocity. 

For a constant -geometry turbine (without turbine stator adjustment) , the 
turbine-inlet equivalent weight flow Wg /s/^/6^ was assumed to be 

constant. The effect of variation of fuel addition on continuity was 
neglected. For take-off, the following values of various parameters 
were assimed: 


Turbine polytropic efficiency, itqi 0.85 

Burner stagnation -pressure ratio, P 3 /P 2 0.90 

Ratio of specific heats for compressor, x 1.40 

Ratio of specific heats for turbine, k 1.30 

Inlet diffuser pressure ratio, P^/Pq 1.00 


The assumed compressor characteristics affect the congiresBor per- 
formance in the following way: The assumption that the conpressor work 

depends on blade speed and not on pressure ratio results in a trend In 
conrpressor efficiency such that the higher the conpressor pressure ratio 
at any given equivalent rotational speed, the higher the compressor 
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efficiency. In an actual coaipressor, the trend of compressor efficiency 
for any given equivalent rotational speed is such, that the efficiency 
rises, levels off as the surge line is approached, and then decreases 
slightly. Thus, the assumption that the compressor ■work is proportional 
to the square of the "blade speed makes high compressor pressure ratio 
appear somewhat more favora"ble than will actually "be the case. 

The assumption that the conpressor-inlet axial velocity is propor- 
tional to the "blade speed results in a constant rotor-inlet relative 
angle as the "blade speed varies for a compressor with no inlet guide 
vanes. In an actual case^ the rotor-inlet relative angle varies so 
that the angle of attack on the rotor "blades increases at low blade 
speeds and decreases at high blade speeds. This variation in angle of 
attack will very likely result in losses in compressor efficiency, 
especially in the hi^ range of rotor -inlet Ifech number. As conpres- 
sor pressure ratio increases at constant equivalent blade speed, the 
compressor equivalent weight flow decreases and the surge line is 
approached. As a result . of- the assumed relation between inlet axial 
velocity and blade speed, the equivalent weight flow is independent of 
the compressor pressure ratio. For these reasons, the assumed compres- 
sor characteristics correspond to a smaller rise in equivalent weight 
flow with rising equivalent blade speed than will actually occur. 


Conpressor Overspeeding 

Compressor characteristics . - Operation of an engine at constant 
rotational speed over a range "of flight— conditions results in variation 
in conpressor equivalent rotational speed. Flight at ‘Mach nunibers high 
enough to resultTin a ram temperature greater than 518.4° R produces an 
actual rotational speed greater than the equivalent rotational speed. 

The manner in which — rises with flight Mach number is shown in 

u/Vef 

figure 4. This ratio is of some consequence for the following reasons: 

If an engine is operated at constant rotational speed, this ratio is 
numerically equal to the . ratio of the equivalent rotational speed for 
take-off to the equivalent rotational speed for the design, or flight, 

condition. The ratio — z=. is therefore a measure of the amount by 

which, during take-off, the compressor must exceed its design equivalent 
rotational speed if the engine is to be operated at constant actual 
rotational speed. For fli^t Mach numbers of 2.5 and 3.0, this ratio has 
the values 1.30 and 1.45, respectively; in other words, for constant- 
rotational-speed operation, these engines will exceed their design equiv- 
alent rotational speeds by 30 and 45 percent, respectively. These num- 
bers, along with the results of reference 1) 'indicate the extreme range 
of conditions over which high-speed supersonic turbojets may be required 
to operate . - 
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Within the limits of the sir 5 )lifying assumptions, the manner in 
which this overspeeding may he expected to affect the conpressor equiv- 
alent weight flow determined by considering 


w = pVA 

and assunption (2) . From this consideration, 








des 


1 




u/a/^ 

2 V 

D/v§i , 

^ 2^«A , 

l,des 


_ V 

(u/A/ei)^ i 

J- des 

^ .es j 


( 1 ) 


Equation (l) is plotted in figure 5(a) for three values of design 
compressor -inlet axial Jfech number des* values of design 

compressor-inlet axial Mach number of 0.3 and 0.5, the ratio of the 
equivalent weight flows rises continually with rising equivalent blade 
speed over the range presented in figure 5 (a) . For a value of design 
compressor-inlet axial Mach number of .0,_7, on the other hand, the equiv- 
alent weight flow rises and reaches a maximum at an equivalent blade- 
speed ratio of 1.37j at this point, the compressor-inlet axial Mach num- 
ber equals 1 . 0 . 


The effect of compressor overspeeding on compressor pressure ratio 
p^/p£ can be assessed from the equation for continuity of mass flow: 


w 

(l-b)(l+f) A. — 


^2 ®3 

^3 ^1 ^2 T / ^3 


( 2 ) 


Under the asBumptions tliat (l+f) ^ turbine-inlet equivalent weight 
flow and burner pressure ratio p^/p^ do not vary, and with 

the additional condition that the fraction of gas bled b is constant, 
equation ( 2 ) reduces to 


viVai/sj 

KA/q/8i)des 




(3) 


If it is postulated that the turbine pressure ratio P 3 /P 4 is constant, 

then the turbine work is proportional to the turbine-inlet ten^ier- 

ature T^, or 
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V®i " 


Since 


(4) 




(5) 


and^ as assumed^ 


Ec " 


then equations (3) to (6) may he ccoiblned to yield 


P^/Pj 

IpITpTT 




^ ^ des (u/A/eJ) 


( 6 ) 


(7) 


des 


Equation (7) is plotted in figure 5(h) for three values of design 
compressor-inlet axial Mach number (^x/s-) i^des * 0*3^ 0*5# and 0.7. 

For each value, the compressor, pressure ratio rises continually, almost 

u/VeL_ 


linearly, with coitpressor equivalent h lade -speed ratio 

_£2^ 

pendent of the design pressure...ratio 


is seen to he inde- 


The ratio of corpressor pressure ratios 

'V^'l'des 

(p^/p^)^ ■ ^ value of design 


des' 

compressor -inlet axial Mach number of- 0.5, the compressor pressure ratio 
rises to 1.55 and 1.82 times the design value for compressor overspeeds 
of 30 and 45 percent, respectively. 

The specified operating conditions will later he shown to duplicate 
the conditions for constant -geometry-engine operation. By combining the 
data of figure 5, constant -geometry-engine operating lines may he drawn 
on compressor-map coordinates as shown in figures 6 and 7. As a result 
of the assumed relation between h lade speed and' compressor -inlet axial 

velocity, the compressor equivalent weight flow independ- 

ent of compressor pressure ratio p’/P* (see eq. (l))j the lines of 
constant compressor equivalent hlade-speed ratio — — r*^ are thus 

vertical in figure 6. As a typical result from figure 6(h), the compres- 
sor pressure ratio varies from 3 to 5.5 as the compressor equivalent 
hlade-speed ratio rises from unity to 1.45 for a compressor design having 
a design value of compressor-inlet axial Mach number of 0.5 and a design 
compressor pressure ratio, of 3.0. In figure 7, raising the design 
value of compressor-inlet axial Mach number decreases the rate at which 
compressor pressure ratio rises with compressor equivalent hlade-speed 
ratio . 
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Within the limits of the simplifying assumptions, the conditions 
specified result In certain values of compressor efficiency; that is, 
the value of compressor efficiency is dependent upon the compressor 
characteristics already specified. These values of efficiency are 
Indicative of the efficiency that compressors will be req.uired to have 
during over speed operation. If a paartlcular range of design conditions 
requires that the compressor efficiency rise for equivalent rotational 
speeds above the design value, the compressor operating requirements 
will be difficult or impossible to fulfill without accepting a penalty 
In compressor design-point efficiency. If, on the other hand, the 
required efficiency falls with rising equivalent speed, the compressor 
requirements are easier to satisfy. 


The compressor adiabatic efficiency may be stated as 


^c 


RT4 

•r-1 

/pa"" 

r 1 

(^) - 1 

r-1 J 

\P{/ 


1— 1 — 1 


(i+f)(l-b)Ejj 


By combining equations (5), (6), and (8), 


r-1 


/ 


7_u_\ “ 

Tic ^ ^ 

^ ■ 


^c,des 

r-1 

Y* 

u 

1 


1 


^1' des 


( 8 ) 


(9) 


Variation in compressor -adiabatic -efficiency ratio /t) , along 

O' O y CL0S 

the constant -geometry-engine operating line is plotted in figure 8(a) 
for four vulues of design compressor pressure ratio at a compressor- 
inlet axial Mach number of 0.5; figure 8(b) is a similar plot made for 
three values of design conpressor -inlet axial M^ch number at a design 
compressor pressure ratio of 3.0. In general, required compressor - 
efficiency ratio decreases with increasing compressor equivalent 
blade-speed ratio, with the exception of the lowest compressor pres- 
sure ratio in figure 8(a). The higher the values of design compressor 
pressure ratio and design compressor -inlet axial Mach number, the 
more rapid is the decrease in compressor efficiency with compressor 
equivalent blade speed. For a design compressor pressure ratio of 
3.0 and design compressor -inlet axial Mach number of 0.3 (fig. 8(b)), 
required conpressor efficiency shows initially no change with rising 
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• equivalent blade speed. For a design ccnupressor pressure ratio of 2.0 
and design coinpressor -inlet axial Mach number of 0.5 (fig. 8(a)), the 
trend of required compressor efficiency vith equivalent blade speed 
reverses, climbing by 5 percent above the design values; "after a com- 
pressor equivalent blade-speed ratio of 1.2 is obtained, the required 
compressor efficiency decreases as for the other cases . 

In practice, contrary to the assumptions herein, the conpressor 
equivalent blade speed and pressure ratio could not be increased along 
the constant -geometry-engine operating line almost without limit. Even- 
tually compressor surging would he encountered along the constant- 
geometry-engine operating line, and engine Operation at this or higher 
blade speeds would not be practical. The value of conpressor equivalent 
blade -speed ratio at which sxarging is first encountered will depend to 
some extent on the location of the operating line on the conpressor mapj 
or, to express the same thought in another way, if the required compressor 
efficiency drops along the operating line, surging might be forestalled. 

If the engine design point is at the point of maximum conpressor effi- 
ciency, the required compressor efficiency cannot have the rising trend 
shown in figure 8(a ) } the compressor will register by surging that a 
too-hi^ efficiency (or pressure ratio) is required of it. A design- 
point compressor efficiency less than the maximum could be selected, of 
course, but that would penalize the design-point perf oimaance . 

From the foregoing analysis, the selection of values for design 
compressor pressiore ratio and design compressor -inlet axial Mach number 
appears to affect the trend of required coTipressor efficiency along the 
constant-geometry-engine operating line. Conpressor designers may find 
it useful to know something of the trend of compressor polytropic effi- 
ciency with compressor equivalent blade. speed along the operating line. 

The required value of compressor polytropic efficiency is a measure of 
the difficulty of obtaining each small increment of compression. For a 
small increment of compression, 

d(p'/p:) d(Tl/T') 

2 1 2 1 

For the assumed relation between conpressor work and blade speed, 

^ - 1 - (H) 

1 

By combining equations (l)^ (7)/ (10)> (ll)^ 
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The polytrqpic efficiency in eq.viation (12) is a local value and not 

an. average value of polytropic efficiency such as is usually considered. 
Eq.uation (12) is plotted in figure 9 for three values of design 
con®ressor-inlet axial Mach number (^x/a) In. order to relate 

congiressor temperature ratio compressor pressure ratio 

p'/p*j an adiabatic efficiency t) of 0.85 was used in preparation of 
2 1 c 

figure 9; the result of this assignment of adiabatic efficiency is that, 
even though eq.uation (12) is a general equation, figure 9 must be con- 
sidered as representing design-point conditions in order to be consistent 
with the assumptions in the rest of the analysis. Values of local poly- 
tropic efficiency greater than 1.0 were considered to be outside the 

range of interest and therefore were not plotted in figure 9; examination 
of equation (12) indicates that as the compressor temperature ratio 
T^/T^ approaches 1.0, the local polytropic efficiency approaches 

infinity for any finite value of compressor -inlet axial Mach number. 
Figure 9 shgw^that for a design conpressor-lnlet axial Mach number of 
0.5, the local polytropic efficiency is less than 1.0 only for 

design pressure ratios greater than 2.4, and less than 0.9 for pressure 
ratios greater than 2.7. 

The manner in which the local polytropic efficiency varies 

along the constant-geometry-engine operating line can be determined by 
combining equations (6) and (12) : 



(13) 


For a value of design compressor -inlet axial Mach number of 0.5, equa- 
tion (13) is plotted in figure 10. For the assumed variation in.com- 
pressor weight flow and work with compressor blade speed, the local value 
of polytropic efficiency varies over a wide range. For a design 

compressor pressure ratio Tp*/p’) 2.0, the value of local 

2 1 des 
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polytropic efficiency is above 1*0 at the design point ani 

ishes to 1.0 at a conpressor equivalent blade-speed ratio 


md diniin- 

p/a/SI 


of l.lOj these high values of local polytrcpic efficiency are reflected 
in figure 6(a) as a rise in compressor adiabatic efficiency above 

the design value for compressor equivalent blade-speed ratios slightly 
greater than 1.0. As the design compressor pressure ratio is increased, 
the local polytropic efficiency has more practical values; for a com- 
pressor design pressure ratio of 2.39, the local polytropic efficiency 
does not exceed 1.0 :^r blade-speed ratios greater than 1.0. If the 
coiBpressor design pressure ratio is 3.0, the local polytroplc efficiency 
is required to be caa3y 0.82 at design blade speed and less than 0.60 for 
compressor eqixlvalent blade-speed ratios greater than 1.2. Even though 
the compressor designer may not be able to guarantee a range of over- 
speed operation, these values of local polytropic efficiency indicate 
the degree of difficulty of obtaining the required overspeed 
performance. 


Turbine characteristics . - A sufficient number of conditions affect- 
ing the compressor and turbine has already been specified to permit 
determining the turbine design requirements. As was postulated in 
equation (4), the turbine pressure ratio is maintained constant along the 
constant-geometry-erkgine operating line. Under this condition, turbine 
work Eij is proportional to the turbine-inlet tenperature T^. With 

the compressor, and thus turbine, work proportional to the blade speed 
squared, the turbine equivalent blade speed is constant. Con- 

stant turbine pressure ratio and equivalent blade speed correspond to 
turbine operation at a single point on the turbine performance map; not 
only is the turbine equivalent operating condition constant as engine 
speed is changed during take-off operation, but also the turbine operates 
at this one condition during fli^t as well* 


For this method of operation, the turbine can thus be critical in 
aerodynamic design with the assurance that during engine off -design 
operation the turbine operating requirements will not become more severe. 
As shown in reference 1, some engine design conditions require compromis- 
ing the turbine design if the engine is equipped with adjustable turbine 
stators, in order to permit operation at a single point on the conpres- 
sor map. Conpressor overspeeding appears to offer a way to overcome this 
operational difficulty at least partially. 


For operation of a turbine at a single equivalent operating condi- 
tion, the turbine -exit equivalent wei^t flow is constant. 

A choked exhaust nozzle that is part of a nonafterburning turbojet 
engine will have its throat area kept constant in order to pass this con- 
stant equivalent wei^t flow. 
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Engine performance . - In addition to the manner in "which ccmipressor 
overspeeding affects compressor and turhine operating requirements, the 
resulting engine performance must also he investigated- In order to 
simplify the presentation of engine performance, an equivalent operating 
condition is defined just as in reference 1- If variations in Reynolds 
number, specific heats, and (l+f) may he neglected, there is, corre- 
sponding to the flight or design condition, a homologous condition for 
take-off such that the following factors are all constant between take- 
off and flight: engine ten^ierature ratio compressor presstire 

ratio p^/pj^, ccoipressor equivalent blade speed U//y/0£, con^ressor 
equivalent weight flow’ turbine pressure ratio p^/p^, and 

turbine equivalent blade speed U//y/e^. This particular take-off con- 
dition is herein referred to as "the equivalent operating condition." 

For both engines analyzed, the compressor -inlet axial Mach nuniber 
was assigned the design value of 0-5, a moderately conservative value- 
The combination of this compressor-inlet axial Mach number with a 
conpressor-inlet hub -tip radius ratio of 0-5 results in a compressor 
weight flow of 27-7 pounds of air per second per square foot of 
courpressor-tip frontal area. Reference 2 indicates that, even for 
extreme turbine design, a one-stage turbine is incapable of handling 
more than this much air flow at high supersonic speeds- In reference 2, 
figure 1(c) approximates the conditions for extreme turbine design at a 
flight Mach number of 3 and a turbine-inlet tenperature of 3CX)0° R. If 
the compressor pressture ratio is 3 and the turbine blade-tip equivalent 

speed is 1200 feet per second, the turbine can pass 27-5 pounds 

of air per second per square foot of turbine-tip frontal area- Because 
an equivalent tip speed of 1200 feet per second is an actual tip speed of 
1740 feet per second under these conditions, it is doubtful that within 
limits Imposed by centrifugal stress a combination of air flow and blade- 
tip speed even this high could be enployed- As reference 2 shows, 
superior air-handling capacity and lower blade speed could be obtained 
by using a two-stage turbine- On the other hand, a primary burner de- 
signed for an inlet velocity of 150 feet per second cannot handle under 
the assigned conditions even as much air per unit frontal area as a one- 
stage turbine. For these reasons, a design value of conpress or -inlet 
Mach number of 0-5 was thou^t to be high enough for the applications 
being considered. 

For the conditions assumed herein, 

'■el ''S.ei 


( 14 ) 
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Equations (14) and (15) were evaluated for a range of compressor equiv- 
alent "blade-speed ratio, and the results ane presented in figures 11 and 
12. For both, the Mach 2.5 and the Mach 3.0 engines, the engine thrust 
at rated turbine-inlet ten 5 )erature is more than triple the thrust at the 
equivalent operating condition. The rises in thrust are a result of 
changes in three factors: turbine-inlet temperature, weight flow, and 

compressor pressure ratio. For the Mach 3.0 engine, for example, the 
rise in thrust ratio from 1.0 to 3.1 results from a 26-percent 

rise in air flow, a 125-percent rise in thrust per unit air flow due to 
increased turbine -inlet temperature, and a 9 -percent increase in thrust 
per unit air flow due to increased congjressor pressure ratio 
( 1. 26 X 2.25 X 1.09 » 3.1) . The rises in turbine-inlet teu^rerature, 
weight flow, and compressor pressure ratio result in a greater increase 
in engine thrust than could be obtained by Increasing turbine -inlet tem- 
perature alone and adjusting the turbine . stator . 


Figure 12(a) shows that, for the Mach 2.5 engine, the effect of a 
rise in engine thrust above that at the equivalent operating condition 
is at first to raise the engine specific, itnpulse. Further Increase in en- 
gine thrust is accompanied by decreasing engine specific -Impulse ratio? at 
rated turD.lne -inlet temperature for this engine, the value of engine spe- 
ific impulse returns to its value at the equivalent operating condition. 
For the Mach 3.0 engine (fig. 12(b)), engine specific impulse immediately 
drops off in value .as the engine thrust is increased; at rated turbine- 
inlet temperatur.e . f or this engine, the engine specif ic , impulse has fallen 
off to 70 percent of its value at the equivalent operating condition. 


Since, for constant -geometry-engine operation, the turbine equiv- 
alent blade speed Jj / is constant, operation with constant turbine - 
inlet temperature results in constant blade speed. Constant blade 

speed corresponds to constant centrifugal stress. An engine operated in 
this way would thus produce the greatest thrust of which it is capable 
within limits inposed by material properties. Engine operation would be 
simplified in that the engine rotational speed would remain constant; 
and, for those flight Mach numbers high enough to cause choking of the 
exhaust nozzle, the exhaust-nozzle throat area would be constant. 


Exhaust-Nozzle Adjustment 

It seems highly probable that as the equivalent rotational speed of 
any constant-geometry engine is continually increased above the design 
value, an equivalent rotational speed and turbine-inlet temperature will 
eventually be reached at which compressor surging will occur. Exhaust- 
nozzle adjustment may offer some relief by permitting operation at even 
higher thrust levels without surging the conpresspr. For any given 
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engine equivalent rotational speed, opening the exhaust-nozzle throat 
will permit decreasing the turhine -inlet temperature while maintaining 
constant engine equivalent rotational speed. As equation (3) shows, 
this will reduce the compressor pressure ratio and thus move the com- 
pressor away from the surge limit. 

On the other hand, opening the exhaust nozzle will increase the 
turhlne-exit equivalent weight flow and thereby move the turbine toward 
the blade-loading limit. Limiting blade loading is a condition first 
investigated in reference 3 and, for blades of conventional design, con- 
stitutes a fundamental limit on turbine work. Reference 4 relates the 
blade -loading limit to the turbine-exit axial Mach number and thereby 
to the turbine-exit equivalent weight flow. Limiting blade loading 
manifests itself as an engine operating problem in the following way; 

If, for an engine to be operated at constant equivalent rotational 
speed, the engine temperature ratio is gradually decreased, the turbine 
pressure ratio must be increased by opening the exhaust nozzle in order 
that the turbine will produce enou^ torque to keep the engine from 
slowing down. If this trend is continued, a turbine operating condition 
will eventually be reached beyond which any further reduction in engine 
temperature ratio will, result in a drop in engine equivalent rotational 
speed despite an increase in turbine pressure ratio. For this turbine 
operating condition, the blade-loading limit has been reached. Refer- 
ence 4 relates the blade-loading 1 1 'mi t to the turbine -exit axial Mach 
number and thereby to the turbine-exit critical area In order 

to operate within the limiting axial Ife,ch number of 0.7 specified in 
reference 4, the actual exit annular area must be made at least 10 per- 
cent greater than the turbine-exit critical area. Equation (ll) of 
reference 1 states that 



In order to produce a given amount of work, a certain minimum blade -hub 
speed is required. For specified values of centrifugal stress a, blade- 
htib speed Ujj,, and taper factor -\|r, the particular value of hub -tip 
radius ratio may be determined from this equation. For this particular 
value of hub -tip radius ratio, the turbine -tip frontal area is directly 
proportional to the annular area. For this reason, if the requlr^ients 
of off -design operation dictate that the turbine annular area be 
increased above the value required for satisfactory design-point oper- 
ation, the engine thriist per unit turbine frontal area for design-point 
operation is thereby diminished in inverse proportion to the required 
value of exit annular area. At the blade -loading limit, the turbine - 

exit critical area A . is a direct measure of the exit annular area 

C3T y 4: 

and thus of the frontal area. 
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The manner In which exhaust -nozzle adjustment may produce increased 
engine thrust during take-off may he described as follows ; At any given 
engine equivalent rotational speed, maximum thrust is obtained by oper- 
ating at the highest turbine-inlet tenperature permissible within the 
surge limit; this means small exhaust-nozzle areas, and compressor pres- 
sure ratios as high as conpressor surge will permit. On the other hand, 
at the point on the compressor map where the compressor surge line 
crosses the constant -geometry-engine operating line, the thrust of a 
constant-geometry engine reaches a limit. This point is denoted as 
point A in figure 13, which is a sketch representing the effect of' 
exhaust-nozzle adjustment in combination with compressor overspeeding 
on engine thrust during take-off. It may be possible to obtain higher 
engine thrust off the constant -geometry-eiigine opiating line by raising 
engine equivalent rotational speed. Higher equivalent rotational speed 
will result in higher equivalent wei^t flow and thereby possibly higher 
thrust. If the compressor surge line intersects the constant-geometry- 
engine operating line at a small acute angle, the turbine-inlet tenpera- 
ture may even possibly be Increased within the surge limit. Point A in 
figure 13(a) illustrates such a situation. Increasing the equivalent 
rotational speed to operate at point B assures a thrust increase over 
operation at point A, because both a higher engine temperature ratio and 
a higher equivalent weight flow are attained. If, on the other hand, 
the compressor surge line and constant -geometry-engine operating line 
intersect at a large acute angle, as illustrated by point A in fig- 
ure 13(b), it cannot readily be seen whether increasing the equivalent 
rotational speed to operate at point C will yield a thrust increase or 
not. Any increase in engine thrust in changing operating points from A 
to C would be contingent upon whether the increase in equivalent weight 
flow is sufficiently great to offset the decrease in engine temperature 
ratio. If the slope of the compressor surge line is much less than in 
figure 13(b), it can easily be imagined that Increasing the equivalent 
rotational speed from point A to C could be to no avail, since the 
decrease in engine temperature ratio Tnlght well offset the rise in 
equivalent weight flow. 

Whether or not exhaust -nozzle adjustment will result in a sufficient 
Increase in engine thrust during take-off to offset the tendency toward 
limiting blade loading in the turbine thus Spends on the compressor- 
surge characteristics. A quantitative evaluation of the changes in 
engine thrust and turbine-exit annular area is presented in order that, 
for a prescribed compressor -surge characteristic, the merits of exhaust- 
nozzle adjustmient may be ascertained. 

Turbine design requirements . - For the assumed conditions, a given 
engine rotational speed corresponds to a given turbine work output Sj, 
the work output being proportional to. the blade speed squared. The tur- 
bine blade -jet speed ratio is therefore constant for any given engine 
and Independent of exhaust-nozzle adjustment. Operation along the 
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constant-geometry operating line corresponds to constant turbine equiv- 
alent rotational speed. At any compressor equivalent rotational speed, 
opening the exhaust nozzle requires a decrease in turbine -inlet temper- 
ature and thereby increases the turbine equivalent rotational speed. It 
may be inferred from equation (24) of reference 5 that this rise in 
equivalent blade speed corresponds to decreasing rotor -entrance Ifech 
number and increasing acceleration across the rotor, both trends being 
conservative. 

The Trijn-tTnu-m turbine -exit annular area, that value of area at which 
limiting blade loading is obtained, is directly proportional to the 
turbine-exit equivalent weight flow. For a stress -limited turbine 
design, such as will very likely be required for these high-supersonic 
flight speeds, opening the exhaust nozzle from the setting for take-off 
operation on the constant -geometry-engine operating line will therefore 
require an increase in turbine-exit annular area and frontal area. The 
turbine-exit annular area should be selected to pass satisfactorily the 
maximum turbine-exit equivalent weight flow that will be encountered 
over the range of engine operation. 

Engine perf orTna-nee . - Lines of constant engine thrust ratio E/Egg^ 
are shown on the compressor map in figure 14 along with the constant- 
geometry -engine operating line. The selection of an operating condition 
in figure 14 corresponding to maximum thrust is Illustrated in fig- 
ure 15. One of the lines of constant engine thrust ratio F/Fgg^ is 
tangent to the surge line; this point of tangency represents the oper- 
ating condition at which the maximum engine thrust can be produced by 
means of exhaust-nozzle adjustment. If one of the lines of constant 
engine thrust ratio as drawn in figure 14 does not happen to be tangent 
to a particular surge line, the operating point for maximum thrust can 
be determined in the following way: If at any given point on the com- 

pressor map the surge line has a slope greater than that of the line of 
constant engine thrust ratio at that point, engine thrust can be 
increased by adjusting the exhaust -nozzle and raising the engine speed, 
following the surge line until it becomes parallel with the lines of 
constant engine thrust ratio. 

The variation in turbine-exit critical-area ratio is 

shown in figure 16. Since, at the blade-loading limit, both the turbine- 
exit annular area and turbine-tip frontal area (for a given centrifugal 
stress in the rotor blades) are directly proportional to the turbine- 
exit critical-area ratio, the curves in figure 16 also can be interpreted 
as showing changes in the values of minimum turbine-exit annular area 
and turbine-tip frontal area. Figure 16 shows, that, for any given 
compressor equivalent wei^t flow (a line of constant compressor equiv- 
alent blade speed in fig. 16) , highest engine thrust is obtained with 
the smallest usable exhaust-nozzle area. 
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The tlirust-area factor ) can he used to determine 

^eq\ A /ci.,4 

under what conditions highest engine thrust per unit turhlne-tip frontal 
area is obtained^ the value of the thrust-area factor is proportional to 
engine thrust per unit turbine frontal area for a stress -limited turbine 
design. Lines of constant engine thrust-area factor are plotted on the 
coordinates of the compressor map along with the constant -geometry-engine 
operating line in figure 17. If at any point on the con^iressor map the 
slope of the surge line is greater than the slope of the lines of con- 
stant thrust -area factor, higher take-off thrust for a turbine of a 
given size may be obtained by means of exhaust -nozzle adjustment. A 
comparison of the slopes of the lines of constant thrust ratio F/Feq. 

in figure 14 with the lines of constant thrust-area factor 

req\ A / 

in figure 17 shows that obtaining an increase in engine thrust per unit 
turbine size is the more stringent requirement. If an increase in 
thrust-area factor can be obtained, a higher take-off thrust per unit 
turbine frontal area can be obtained by exhaust-nozzle adjustment than 
by adding engines or Increasing engine size. 

Because increasing the exhaust -nozzle throat area requires an 
increase in turbine-exit annular area, such operation requires that' the 
turbine design be modified to satisfy the off -design operating require- 
ments. In order to minimize this compromising of the turbine design, 
the exhaust-nozzle adjustment should be held to the minimum essential 
to producing the required engine thrust during off-design operation. 

The engine specific iirrpulse obtained with exhaust-nozzle adjustment 
is presented in figure 18. The Impulse for any given thrust level is 
always lower than that obtainable along the constant -geometry-engine 
operating line . .... . .. 


Compressor -Exit Bleed 

The decrease in turbine pressure ratio Pg/p^ and the increase in 

turbine-inlet temperature T^ associated with bleeding air at the com- 
pressor exit might conceivably result in a rise in engine thrust during 
off-desi^ operation. Previous work in this field supports the point of 
view that bleeding air at the compressor exit while keeping the compres- 
sor at a given operating point results in a reduced turbine pressure 
ratio. For a case considered in reference 4, the turbine pressure ratio 
was theoretically decreased from 4.45 to 2.73 by bleeding 28.6 percent 
of the engine air flow at the congjressor exit and raising turbine-inlet 
temperature from 1100° to 2160° R while operating the con 5 >ressor at a 
single operating point. Figure 3 of reference 6 shows that for a con- 
stant value of turbine torque, decreasing the turbine equivalent 


3032 



3032 


NACA RM E53J01 


23 


rotational speed decreases the turhlne pressure ratio; eq,uilibrium oper- 
ation of a compressor map requires a given value of torque Independent 
of the amount of air hled^ and rising turbine -inlet temperature at a 
given engine rotational speed reduces the turbine equivalent rotational 
speed. The following questions were therefore investigated: 

(1) For an engine that has been oversped along the constaat- 
geometry-englne operating line as much as the compressor-surge character- 
istics will permit^ how much can the engine thrust be increased by 
raising the turbine -inlet temperature and bleeding air at the compressor 
exit ? 

(2) What is the effect of such operation on the turbine design 
requirements ? 


Turbine design requirements . - The decreased turbine pressure ratio 
with increased amounts of air bled moves the turbine operating condition 
away from limited blade loading, and therefore the turbine design need 
not be compromised on this score. Despite the decreasing turbine pres- 
sure ratio, the turbine work output per pound of gas passing through the 
turbine increases as the amount of bleeding is increased; the turbine 
work increases in this case, even though the turbine pressure ratio 
drops because of the great rise in turbine -inlet tenperature. For the 
constant power required by the conpressor, the turbine must produce a 
constant amount of power from a mass flow that decreases as the amount 
of bleeding is Increased, whence the increasing turbine work. 


This rise in turbine work at constant blade speed lowers the blade - 
Jet speed ratio U/Vj. The blade speed is considered to be constant as 
bleeding is varied, and jet speed is directly proportional to the square 
root of turbine work. Consequently, 




(16) 


Equation (16) is plotted in figure 19. If 20 percent of the conpressor 
air flow is bled at the compressor exit (b » 0.20), the blade-jet speed 
ratio is decreased to only 89 percent of the design value. Since the 
curve of turbine efficiency against blade- jet speed ratio is usually 
still very flat in this region, the turbine efficiency should be rela- 
tively unchanged from the design value. Equation (2) can be used to 
show that bleeding 20 percent of the air results in a considerable tem- 
perature rise, that is 


T' 

1 




( 17 ) 
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Bleeding 20 percent thus corresponds to raising the tiarhine -inlet tem- 
perature by 56 percent, for example, from 1415° to 2210° R. 

Engine performance . - The bleed air -was ccnsidered to be used in 
three ways : (,l) It was discarded "without producing thrust; (2) air at 

the total sta"be prevailing at the compressor exit vas expanded to 
a-bmospheric pressure and used to produce thrust; (3) the bleed air "was 
heated to the turbine -inlet temperature and then ex^nded to a"tmospheric 
pressure in order to produce "thrust; in a practical case, this hot gas 
would be bled at the exit from the primary burner. 

The resulting engine thrust is shown in figures 20 and 21 for two 
kinds of operation, namely, using the bleed air to produce thrust and 
discarding the bleed air. For the Mach 3.0 engine "with 20-percent 
overspeed, raising the turbine -inlet .temperature to the rated value of 
3000° R and using the bleed air to produce "thrust increases the engine 
thrust by 28 percent; if the bleed air is discarded, the thrust rise is 
only 10 percent . The circles in figure 20 represent engine thrust 
values obtained at 20-percent overspeed if the bleed air is at rated 
turbine-inlet temperature. For the Mach 3.6 engine, the total thrust~ 
rise above the value for no bleed "with 20-percent qverspeed is 38 per- 
cent, the 10-percent increment resulting from the high bleed tempera- 
ture. These thrust increases are some"5Jhat less than those obtainable 
by means of turbine stator adjustment and compressor overspeeding. 

For the Mach 3.0 engine "with a 20-percent overspeed, increasing 
turbine-inlet temperature to the rated value permits bleeding 17 percent 
of engine air flow. This air could be used during off-design operation 
to cool various parts of the engine for which ram air is used during 
high-speed flight; thus a valuable characteristic of compressor-exit 
bleed is used despite its poor thrust characteristic. 

Figure 22 shows the engine specific impulse "that can be ob"tained 
with compressor -exit bleed. As may "well be expected, compress or-exit 
bleed has poor inpulse characteristics. 


Turbine S"tator Adjustment 

Use of turbine s"tator adjustment for design-point operation of the 
compressor "was investigated in reference 1. This is, of course, not the 
only way in which turbine stator adjustment could be used. If, for 
example, the engine equivalent rotational speed were raised above the 
design value along the constant -geometry-engine operating line, a speed 
would eventually be reached above which a fur"ther speed increase would 
result in compressor surging. Turbine stator adjustment could be 
enployed in combination "with exhaust-nozzle adjustment to keep the com- 
pressor operating at this point, and the turbine -inlet tenperature could 
then be increased to ob"bain even higher engine thrust. 
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A second way to use turtlne stator adjustment is to depart from the 
constant-geometry-engine operating line after surging has heen encoun- 
tered. Use of higher engine rotational speed would Increase the engine 
weight flow and perhaps thereby increase the engine thrust. Both appli- 
cations of turbine stator adjustment are considered herein; only the 
maximum, or design, value of turbine-inlet temperature is employed. 

On operating line . - In figure 23, the engine thrust with turbine 
stator adjustment is compared with that of the constant-geometry engine 
for a range of compressor equivalent rotational speeds. At all speeds 
less than rated actual speed, the engine with turbine stator adjustment 
is capable of producing greater thrust. For the Mach 3.0 engine, this 
thrust advantage is 225 percent at design equivalent rotational speed 
and 144 percent at 120 percent of design equivalent speed. The advantage 
of turbine stator adjustment diminishes at the higher rotational speeds. 
The rises in weight flow and conpressor pressure ratio with rotational 
speed raise engine thrust even for an engine with turbine stator adjust- 
ment. If the compressor is capable of being oversped by a sufficiently 
great amount, the greatest engine thrust for take -off is obtained by 
raising the rotational speed to the design value. For this operating 
condition, no turbine stator adjustment is required. The scale of 
turbine-inlet critical-area ratio (A/Aies) cr,3 abscissa shows 

that for small amounts of compressor over speed, large changes in turbine - 
inlet critical-area ratio are required, and at high overspeed only 
small changes in turbine-inlet critical-area ratio are necessary. 

For the Mach 3.0 engine at design equivalent rotational speed, the 
turbine-inlet critical-area ratio (VAd.es^cr,3 ^.nd, concomitantly, 
the turbine-inlet equivalent weight flow mu.st be increased 

by 45 percent in order for the turbine-inlet temperature to be increased 
to the design value of 3000° R. As reference 1 shows, the actual area 
must be Increased considerably more than 45 percent in order to realize 
this 45 -percent increase in equivalent flow. 

The variation in turbine-exit critical area with engine 

equivalent rotational speed is shown in figure 24. Since both the Mach 
2.5 and the Mach 3.0 engines have design conditions that lie a little to 
the left of the break-even point in figure 2 of reference 1, Increasing 
the engine temperature ratio and adjusting the turbine stator result in 
initially a small decrease and then an Increase in the turbine -exit 
critical area ratio Because at low compressor equivalent 

rotational speeds a large Increase in turbine-inlet temperature is 
required to proceed from constant-geometry-engine operation to operation 
with turbine stator adjustment at rated turbine-inlet temperature, an 
Increase in turbine-exit critical area results. At high conpressor 
equivalent rotational speeds, only a small rise in turbine-inlet temper- 
ature produces the change from constant-geometry-engine operation to 
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operation ■with turbine stator adjustment at rated turbine-inlet temper- 
ature, "With the result that turbine-exit critical area ratios 
(A/A^gg) less than unity are obtained and the turbine moves a-way 

from limiting blade loading. A rise in the turbine -exit critical area 
^cr,4 above the design value is undesirable, because the turbine design 

must then be comproiiiised dn order to avoid limiting blade loading and 
thereby to permit satisfactory operation during -bake-off. 

The effect of these changes in .turbine-exit critical area on jsngine 
thrust per unit turbine size is- sho-wn in figure 25j as previously, the 

thrust-area factor is used ta ea^ess -bake-off thrust 

■*^eq\ / or, 4 

per unit turbine size. For that part of the operating rai^ for -which 
the turblne-eXit critical-area ratio is less than unity, the thrust 
ratio F/Fgq is also plo-bted. In this range, the thrust ratio F/Fgq 

expresses the variation in engine take-off thrust per unit turbine size, 
because the turbine must be designed for the largest value of Acx ^4 
encountered over the operating range, and a value less than the design 
value cannot be explbi-bed during the off -design operation. The size of 
the thrust-area factor with turbine s-bator adjustment is always greater 
than without, the advan-tage decreasing as engine speed rises. 

The variation in engine specific impulse -with turbine s-tator adjust- 
ment is presented in. figure 26. At low compressor equivalent ro-bational 
speeds, the thrust increase yielded by turbine s-bator adjus-bment is 
ob-balnable at the expense of a decrease in engine specific impulse. At 
high engine equivalent rotational speeds, not only high engine thrust, 
but also high engine specific impulse, is ob-tainabie by means of turbine 
s-bator adjus-bment. If the compressor is capable of being oversped 
sufficien-bly, cons-bant engine geometry is superior to turbine sta-tor 
adjustment without overspeed in the foU.owing respects: engine thrust, 

engine specific impulse, and comprcmlsing of the turbine design. Con-- 
s-bant engine geometry is inferior to -bhe exiient to which the compressor 
design must be compromised to include the overspeed capacity. 

Off operating line . - Lines of cons-bant engine thrust are plotted 
on compressor-map coordinates in figure 27 in order to show the effect 
on engine performance of -burblne s-bator a^us-tmen^^^ the constant- 
geometry-engine operating line. If a compressor is oversped along the 
constant-geometry-engine operating line until surging is reached, addl- 
■trional engine thrust can be ob-balned if the compressor-surge line rises 
significantly to the righ-b of the cons-tant-geomie-try-engine operating 
line. The criterion for greatest thrust is, as before, -bo choose as an 
operating condition that point along the surge line at which the surge 
line becomes -tangent to one of the family of lines of cons-bant thrust 
ratio J'/Fgq in figure 27. For any given surge line, considerably 
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greater rises in engine thrust resulting from departure from the oper- 
ating line may be obtained with turbine stator adjustment than with 
exhaust-nozzle adjustment. Figure 28 shows^ on the other hand, that 
these rises in take-off thrust are at the expense of increased turbine- 
exit critical area and thereby a penalty in turbine design-point per- 

F I ^des \ 

formance. Lines of constant thrust-area factor = — I — r — ) are 

■p eq \ *■ / or , 4 

plotted in figure 29 to aid in judging for any givan compressor-surge 
characteristic if any gain in take-off thrust per unit turbine sl 2 se can 
be obtained by leaving the operating line. Figure 30 shows that, for any 
given thrust level, operation off the operating line produces a decrease 
in engine specific impulse. 


Effect of Changing Compressor Characteristics 

The compressor performance presented in reference 7 was used to 
determine the effect of using compressor characteristics other than 
those assumed herein. For a constant-geometry-engine operating line on 
this compressor map, the turbine-inlet equivalent weight flow 

and the turbine pressure ratio P^P 4 were assumed to be 

constant. For a constant value of turbine efficiency, engine thrust was 
computed for operation along an operating line that lies near the surge 
line^ the rotational speed designated as rated in reference 7 was not 
exceeded for take-off. In figure 31, engine thrust is shewn to rise 
more rapidly with blade speed than for the conditions assumed herein; 
the principal reason for this is the more rapid rise in weight flow. 

The trends of engine thrust with rising compressor speed indicated 
herein are pessimistic in comparison with these results. Even with 
these characteristics, the predicted trends in engine perforjnance are 
essentially those based on the assumptions of this analysis. 


Critical Comment 

Of the four types of engine off -design operation considered, 
compressor overspeeding is the type that appears most promising, 
because it provided the highest engine thrust during low- speed flight. 
Another reason is that, as an aid in obtaining superlative turbine 
design-point performance, the turbine design conditions can be made 
critical with the assurance that the operating conditions do not tend to 
become even more critical during engine off -design operation. The 
principal problem is whether or not compressors can provide much of an 
overspeed margin without seriously compromising their design-point per- 
formances. If, in attempting to provide overspeed margin in a compressor 
design, the compressor surge line on the compressor map falls below the 
anticipated level of compressor pressure ratio, smiall variations in the 
location of the compressor surge line can be compensated for by gman 
adjustanents of the exhaust -nozzle throat area. 
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Exhaust -nozzle adjustment requires that the turbine be made larger. 
Ideally, the engine design thrust per unit of turbine-tip frontal area 
will be inversely proportional to the maximum value of exhaust-nozzle 
throat area. In practice, exhaust-nozzle adjusti^nt will be saoewhat 
more attractive than the analysis shows, because, in order to provide 
some margin for error in engi.ne design, the turbine will very likely not 
be designed at the rotor blade-loading limit. This margin in turbine 
work capacity can then be exploited to permit some exhaust-nozzle 
adjustment without sacrificing engine design-point performance. Another 
reason is that near the surge line the compressor efficiency does not 
fall as the operating point is moved away from the surge line along a 
line of constant equivalent rotational speed; instead, there is a plateau 
of high efficiency followed by a region of-decreasirg efficiency, the 
region of decreasing efficiency closely paralleling the trend described 
herein. In particular, these two factors, the inherent small margin in 
turbine work capacity and the conpressor efficiency plateau, greatly 
improve the conpetitive position of exhaust-nozzle adjustment if only 
small amounts of adjustment are employed. 

Use of compressor-exit bleed during take-off and low-speed flight 
maybe required by engine cooling requirements. The high ram-pressure 
ratio which is available during high-speed flight may permit use of ram 
air for cooling many parts of the engine , conceivably even the turbine 
blades. Such use of cOTapressor^exit bleed during low-speed flight results 
in a thrust penalty in comparison with turbine stator adjustment in com- 
bination with compressor overspeeding. 

For a certain range of engine design conditions, application of 
turbine stator adjustment requires that the turbine size be made greater 
than would be the case if turbine stator adjustment were not employed 
(see ref. l) . For that range of engine design conditions for which use 
of turbine stator adjustment does not require increasing the turbine 
size, one of the principal questions affecting application of turbine 
stator adjustment la the amount by which the turbine efficiency varies. 
Reference 1 shows that the rotor -entrance relative flow angle varies 
from the design value by an amount that increases as the amount of 
stator adjustment increases. For a given increment of stator adjustment, 
the effect of this varying angle of incidence on turbine efficiency 
should be small near the design point and larger for operating condi- 
tions considerably removed from the turbine design point. Conibining 
turbine stator adjustment with compressor overspeeding reduces the 
amount of turbine stator adjustment required to reach the design value 
of turbine -inlet temperature and thereby decreases any penalty in tur- 
bine efficiency associated with turbine stator adjustmient. 
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CONCLUSIONS 

For two turbojet engines designed for flight at flight Mach numbers 
of 2.5 and 3.0, engine operation during take-off was analyzed for four 
methods of operating the engines off -design. The off -design operational 
methods were compared on the basis of engine thrust, engine specific 
Impulse, and the operating req.uirements that the coirpressor and turbine 
must fulfill. The way In which a given engine should be operated off- 
design depends on the characteristics of Its particular compressor and 
turbine. Because the characteristics of each set of coanponents will 
differ one from another, no one mode of operation can be selected as 
best for all engines and operating conditions. This analysis indicates 
the methods that appear to be most promising and the way in which they 
can best be exploited. The following conclusions about engine off- 
design operation were drawn from this analysis: 

1. If the compressor is capable of operation in a constant -geometry 
engine at eq.uivalent rotational speeds considerably above the design 
value, highest engine thrust and hipest engine specific impulse are 
obtained with compressor overspeed operation. Since during such engine 
off -design operation the turbine operates at its design point, the tur- 
bine can be designed very near tolerable operating limits. 

2. Turbine stator adjustment in combination with conpressor over- 
speeding is better than turbine stator adjustment alone. Engine equiva- 
lent rotational speed should be raised as much as the compressor-surge 
characteristics will permit, and the additional thrust required should 
then be obtained by means of a further increase in turbine-inlet tem- 
perature in combination with turbine stator adjustment. 

3. If the conpressor-surge characteristics limit the turbine-inlet 
temperature to values less than the rated value, conpressor-exit bleed 
can be used to permit an additional rise in turbine-inlet temperature. 
This bleeding can provide relatively large amounts of cooling air during 
take-off operation. The turbine operation moves away from limiting blade 
loading during such off -design operation, and the blade-jet speed ratio 
varies by a comparatively small amount. 

4. For the assumed compressor characteristics, increasing engine 
thrust by means of exhaust -nozzle adjustment requires an increase in 
turbine size and thereby results in rather severe penalties in turbine 
design -point performance. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, Septemiber 29, 1953 
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Figure 5. - Effects of compressor overspeeding. 
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Compressor equiveljent ^lade- speed ratio ^ 




(b) Design coni)reBsor pressure ratio, 3,0. 

Figure 6. - Continued. Constant-geometry-engine operating line on compressor map, showing effect 
of design compressor pressure ratio. Design conpresaor- inlet axial Mach, nuaiber, 0.50. 
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Compressor blade- speed ratio. 

(uA^)des 

(a) Design compressor- inlet axial Mach number, 0.3. 

Figiire ?• - Effect of design compressor- Inlet axial Mach number on constant- 
geometry- engine operating line and on compressor map. Design conpressor 
pressure ratio, 3.0. 
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(c) Design con 5 >ressor- inlet axial Mach number, 0.7. 

Figure 7. - Concluded. Effect of design compressor- inlet axial Mach 
number on constant-geometry-engine operating line and on compreesor 
map. Design compressor pressure ratio, 3.0. 


3032 




NA.CA RM E53J01 


43 




M 

c 


s 


T 



UA/5T 

Compressor equivalent blade-speed ratio, 


(b) Design compressor pressure ratio, 3.0 

Figure 8. - Effect of compressor design variables on required 
values of compressor adiabatic efficiency along constant- 
geometry-engine operating line. 
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Figure 9. - Variation in local compresBor polytrqpic efficiency along constant- geonietry- 
engine orperating line ’slth. design coxgiresBar presBure ratio and design oooqpressor- 
inlet azlnl Hach nunber. 
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Figure 10. - Effect of coD 5 )ressor design variables on local compressor 
polytropic efficiency along constant-geometry-engine operating line 
for design compressor- inlet axial Mach number of 0.5. 
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(a) Mach 2.5 engine. 

Figxire 11. - Effect of compressor overspeeding on engine thrust. 
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(t>) Mach 3.0 engine. 

?lgure 11. - Conclnded. Effect of coaflpreBsor overspeeding on engine thrust. 
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Engine thrust ratio, F/F^q^ 

(b) Mach 3.0 engine. 

Figure 12. - Variation in engine specific impulse with engine thrust for 
con 5 >ressor overspeeding. 
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(a) Surge line and constant-geometry-engine operating line Intersect 
at small acute angle. 
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(t) Surge line and constant-geometry-englne operating line intersect at large acute 
angle. 


Figure 13. - Sketch representing effect of exhaust -nozzle adjustment In oomhination 
vith compressor overspeeding on engine thrust during take-off. 


Compressor eq.uivalent weight-flow ratio, ^ 

(wiV^/5i)des 

(a) Mach 2.5 engine. 

Figure 14. - Compressor map for exhatist-nozzle adjustment 
showing lines of constant engine thrust. 
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Figure 14* - Concluded. Con^^reBBor map for eadiaust-noszle adJuBtiserit , showing lines 
of constant engine thrust. 
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(b) Mach 3.0 engine. 

Figure 16. - Concluded. Congpreesor ntap for exhaust»noszle adjustment, ahovlng lines 
of constant engine thrust and turbine-exit critical area. 
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(a) Mach 2.5 engine. 

Figure 17. - Compressor map for exhaust-nozzle adjustment 
showing lines of constant thrust-area factor. 
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(b) Mach 3,0 engine. 


Figure 17- - Concluded, Compressor map for exhaust-nozsle adjustment, showing lines 
of constHUt^hruat-area factor. 
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(a) Mach 2.5 engine. 



Engine thrust ratio, 


(h) Mach 3.0 engine. 

Figure 18. - Variation in engine specific impulse vlth engine thrust and 
compressor eq^uivalent blade speed for exhaust- nozzle adjustment. 
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Figure 19. - Effect of con 5 >ressor-exit bleed on blade- jet 
speed ratio. 
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Take-off turbine- Inlet temperature, Tg, °R 
(a) Mach 2.5 engine. 

Figure 20. - Variation in engine thrust with take-off turbine- 
inlet ten 5 >erature and coi^pressor equivalent blade speed for 
compressor-exit bleed. Bleed air used. 
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Figure 20. - Concliiaed. Variation In engine thruet vitti take-off turbine-inlet tea^wraturc and 
coB 5 >reoao(r e^nlvalent blade speed for coii 5 )reB 8 or-exit bleed. Bleed air used. 
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Take-off turbine- Inlet teinperatvire , T^, °R 

(a) Mach 2.5 engine. 

Figure 21. - Variation of engine thrust with take-off turbine- 
inlet teu 5 >erature and con 5 >ressor eq.ui valent blade speed for 
compressor-exit bleed. Bleed air discarded. 
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(l)} Mach 3*0 engine. 

Figure 21, - Coticliifled. Variation odT engine thrust with take-off turbine- Inlet teqpei^ture 
and co9sp(reflBor equl’ralont blade speed for coasjresBor-exit bleed. Bleed air discarded. 
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(a) Mach 2.5 engine. 



Engine thrust ratio, P/F^q 
(b) Mach 3.0 engine. 

Figure 22. - Variation in engine specific Impulse with engine 
thrust and compressor equivalent blade speed for compressor- 
exit bleed. Bleed air discarded. 



Engine thrust ratio, F/F 


NACA RM E53J01 



3032 





NACA m E53J01 


65 


cv> 

to 


I 



1.4 1.3 1.2 1.1 1.0 

0?ur'blne-inlet critical -area ratio, (a/a^qq)q 3^^3 

(t) Mach 3.0 engine. 

Figure 23. - Concluded. Variation in engine thrust with com- 
pressor equivalent blade speed and turbine-inlet critical 
area for turbine stator adjustment along constant- geometry- 
engine operating line. 
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(a) Mach 2.5 engine. 
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(b) Mach 3.0 engine. 


Figure 24. - Variation in turbine-exit critical area 
with compreseor equivalent blade speed for turbine 
stator adjustment along constant-geometry-englne 
operating line. 
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(a) Maoh 2.5 engine. (b) Maoh 5.0 engine. 

Figure 25. - Variation In thrust-area factor with oompreosor equivalent blade speed for turbine 

Btator adjustment along constant-geometry-engine operating line. -j 
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(b) Mach 3.0 engine. 


Figure 26. - Variation in engine specific impulse with engine 
thrust for turbine stator adjustment along constant-geometry- 
engine operating line. 
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(b) Mach 3.0 engine. 

Figure 27. - Concluded. Cou^nresBor map for turbine stator adjustment off constant- 
geometry- engine operating llne^ shoving lines of constant engine thrust. 







Conpressor pressure ratio, p^/pj^ 


NACA RM E53J01 


71 





1.00 1.04 1.08 1.12 1.16 1.20 

Con 5 >ressor equivalent weigtit-flov ratio, =: 


(a) Mach 2.5 engine. 

Figure 28. - Compressor map for turbine stator adjustment 
off constant-geometry- engine operating line, showing 
lines of constant engine thrust and turbine-exit critical 
area. 
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(b) Mach 3.0 engine. 

Figure 29. - Concluded. Coa^pressor map for turbine stator adjustment off constant- 
geometry- engine operating line, shoving lines of constant thrust-area factor. 
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(a) Kach 2.5 engine. 



Engine thmast ratio, P/Peq 
(b) Hach 3.0 engine. 

Figure 30. - Variation In engine apeclflc Impulee with engine 
thruet and oompressor equivalent blade epeed for turbine 
stator adjustment off bbnstant-geometx*y-englne operating line. 
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(a) Mach 2.5 engine. 

Figure 31. - Effect on engine thrust of overspeeding lO-etage 
axial-flow compressor of reference 7, 
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(b) Mach 3.0 engine. 

Figure 31. - Concluded. Effect on engine thrust of overspeeding 10-stage axial- 
flow compressor of reference 7. 
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